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Abstract 
The behavior of cells, like adhesion or differentiation in case of stem cells, is influenced by the surface the cells are 
cultivated on. Cells sense the actual properties of the surface as well as gradients of these properties. Here we present 
the production and usage of a microfluidic chip for generating polymer films possessing gradients of morphology. 
The polymer surface’s properties are defined by the composition of the polymerization mixtures injected into the 
microfluidic chip. After polymerization and subsequent removal of one part of the microfluidic chip, the surface of 
the gradient films is accessible for biological experiments on glass slides. 
 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
Cell behavior is influenced by the properties of the surface on which cells are cultivated. To analyze 
the influence of the porosity on cells with commonly used ion track-etched membranes, the same 
experiment has to be carried out several times with membranes having different pore sizes. By this only 
the actual pore size influence can be analyzed, but cells are not exposed to a gradient of the pore size. 
Furthermore equal conditions are difficult to maintain among the parallel experiments. Recently, we 
described a method to create polymer surfaces possessing hydrophilic and hydrophobic areas successfully 
used to analyze cells [1] as well as polymer surfaces with different porous structures [2] depending on the 
nature of porogens in the polymerization mixture. To our knowledge, there are only a few reports about 
the preparation of polymer films having a gradient of properties [3-4]. Microfluidic approaches using 
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micromixers to analyze the influence of soluble gradients on cells are well known in literature [5-7]. The 
aim of our work was to combine the idea of a microfluidic mixer forming gradients with the technology to 
produce polymeric films. In the following paper we present a microfluidic chip used to fabricate a 
polymeric film having a gradient of pore sizes which can subsequently be used for biological analyzes.  
The invented microfluidic chip consists of (1) a microstructured poly(dimethylsiloxane) (PDMS) part 
containing a micromixer with two inlets and subsequent reaction chamber for creating the gradient 
and (2) a glass slide sealing the microchannels. The microfluidic chip is depicted in Figure 1 (a). To 
generate a gradient film two different liquid polymerization mixtures are injected into the microfluidic 
chip, creating a gradient in the reaction chamber and subsequently getting polymerized by exposure to 
UV-light. The films have external dimensions of 12 × 15 mm2 and a thickness of ~450 ȝm, defined by the 
dimensions of the reaction chamber. After forming the solid polymer film by polymerization, the PDMS 
part is removed from the glass slide, leaving the gradient polymer film on the glass slide serving as 
substrate like shown in Figure 1 (b).  
2. Manufacturing of the Microfluidic Chip 
The microstructured parts are fabricated in a casting process by molding PDMS (Sylgard® 184 
Silicone Elastomer kit, Dow Corning) against a micromilled polymethylmethacrylate (PMMA) master. 
The kit consists of two components, base and curing agent. The PDMS mixture was prepared using the 
recommended mixing ratio of 10:1 (base:curing agent). The mixture was degassed in a desiccator, casted 
into the PMMA master and cured in an oven (WTB Binder Labortechnik GmbH) at 65 °C for 70-100 
minutes. The PDMS part is removed from the master and inlets and outlet are opened using precision 
dispensing tips (Nordson® EFD). All microchannels on the PDMS part are 680 μm high. The zigzag 
channels of the micromixer have a width of 400 μm. External dimensions of the PDMS parts are 
standardized to the size of a glass slide (26 x 76 mm). To form a stable but reversible seal the PDMS part 
was thermally bonded to a glass slide (Brand GmbH & Co.KG) with a thickness of 1 mm. Following the 
ideas indicated in [8, 9] the glass slide was coated with curing agent for thermal bonding. We used a 
specially produced stainless steel roller for coating, allowing for a homogeneous and very thin layer of 
curing agent. The PDMS part was unrolled onto the coated glass slide, utilizing the flexibility of the 
PDMS and allowing for air-inclusions-free thermal bonding. The assembled chip was cured at 65 °C for 
45 minutes. Tubes are inserted into the PDMS. For the inlets we used a polyamide tube (inner diameter: 
0.5 mm, Reichelt Chemietechnik GmbH & Co), for the outlet a wider polysulfone tube (inner diameter: 
1.5 mm, LHG – Laborgeräte Handelsgesellschaft mbH) preventing blockage. Tubes are fixed with 
BEST® Silicone 301 (BEST Klebstoffe GmbH & Co. KG). Microfluidic chips were stored open in an 
air-conditioned lab for 7 days to obtain their full mechanical and electrical properties and harden 






      (a)             (b) 
Fig. 1.(a) Microfludic chip for generating gradient polymer films fabricated out of microfluidic structures in PDMS, containing a 
micromixer (left side) and a reaction chamber for providing the gradient and a glass slide, sealing the microchannels (b) Glass slide 
with provided gradient film colored with Rhodamine B after removing the PDMS part. Rectangle marks the measurement area for 
SEM analyses (compare Fig. 2) 
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3. Fabrication of the polymer films 
A syringe pump (Harvard Apparatus PHD 2200 Ultra) with two 20 ml syringes (B. Braun Melsungen 
AG) added on one rider is used to inject the polymerization mixtures in the microfluidic chip. Attached 
valves allow closing of inlets and outlet. The microfluidic chip is mounted below a UV lamp (OAI model 
30 deep-UV collimated light source (San Jose, CA) fitted with a 500 W HgXe lamp) for polymerization. 
Polymerization mixtures are injected for 20 s to stabilize the gradient. Subsequently, valves are closed 
and the UV exposure starts. We used a wavelength of 260 nm at an intensity of 12 mW/cm² and a 
minimal exposure time of 15 min. After polymerization, the PDMS part is removed manually from the 
glass slide. The surface of the polymer film is dried using a nitrogen or air stream and the glass slide with 
the polymer film is kept in methanol for cleaning before usage in biological experiments. 
4. Gradient formation 
In the used cascade micromixer mixing occurs either due to diffusive effects or convective transport. 
Diffusive mixing depends on the diffusion coefficient of the used polymerization mixtures and is 
effective only at low flow rates (below 80 μl/min). With increasing flow rate the microfluidic chip will 
show a poor mixing ability until a threshold where the Reynolds number is high enough allowing for 
convective mixing effects to take place as a consequence of the increased transversal secondary flows in 
the zigzag channels [10]. To define a flow rate with adequate convective mixing ability measurements 
with flow rates ranging from 0.083 to 35 ml/min have been performed using different fluids. A flow rate 
larger than 7 ml/min was necessary to achieve a constant gradient using water, larger than 12 ml/min 
using ethanol and larger than 5 ml/min using the polymerization mixture. The microfluidic chips were 
tested up to 35 ml/min and did not show any leakage. Based on these results, a flow rate value of 
20 ml/min was chosen for the fabrication of the gradient polymer film. 
5. Fabrication of polymer films with gradient of porous morphology 
To demonstrate the usability we injected two polymerization mixtures, containing 50% 
ethyleneglycole dimethacrylate and butyl methacrylate as monomers and either 1-decanol or 
cyclohexanol as porogens leading to varying porosity depending on the mixing ratio [2]. The mixture 
with 1-decanol gives a microporous polymer with average pore size of ~1.1 μm and the mixture 
containing cyclohexanol forms a nanoporous polymer showing pores of ~116 nm. Using flow rates of 
20 ml/min resulted in pore sizes increasing from 130 nm to 1.05 ȝm. The surface morphology of the 
gradient film is depicted in Figure 2, showing SEM images of the generated gradient film at six different 








Fig. 2. SEM of gradient polymer film produced with a flow rate of 20 ml/min with varying porous morphology ranging from nano- 
to micro porosity at six different equidistant positions. Measurement area is marked in Fig. 1 (a). Scale bar 1 μm 
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6. Conclusion 
We demonstrated a production process for manufacturing microfluidic chips for fabricating gradient 
polymer films inside. The adequate mechanical stability of the produced microfluidic chips, while still 
allowing for removal of the PDMS part, was shown during experiments. The functionality of the 
fabrication protocol was shown by generating polymer films with varying porous morphology. Using our 
microfluidic approach the gradient film is accessible on a glass slide for subsequent use in biological 
applications. The presented result paths the way to generate gradient films for biological applications with 
different varying properties in a likewise microfluidic chip. 
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